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While pure zirconium is virtually non-c^rro^ iv© at low temperatures , 
its corrosion-resistance at high temperatures varies over a wide range 
depending upon the amount and type of impurities present. The purpose 
of this thesis was to study with polarized light the effect of nitrogen 
on the corrosion-resistance of zirconium in distilled water at 450°F 
and at 560°F. 

Six specimens of zirconium (essentially the same in chemical 
analysis except for variable ns in nitrogen content) were studied with 
plans polarized light. The data obtained consisted of measurements of the 
phase shift and rctatior of the plane of polarization of the light re- 
flected from the surf at a of the spocimens during a series of incremental 
corrosion film growths * ^ ^ ^ ^ ^ ^ 
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The character!* tic angle of zirconium in the elect ropolished condi- 
tion was obaervod tc bo 295° -OS' £1° -39*. In general, with successive 




additions of corrosion 
spcciman. An exception is rr.de to th5a statement for these specinDns 
which had their optic axes normal to the surface. 

Previous work in this field 1 s shown that an increase in nitrogen 
causes a decrease in the con es ion-resistance of zirconium. The result? 
of the studies made in th5.s thesis do not indicate that either the charac- 
teristic angle, t? , (or any other observable parameter) vary in a iianner 
consistent with nitrogen content. Consequently, without additional in- 
vestigation, polarized light cannot be used to tost the corrosion -resis- 
tance of a random zirconium sample. 

With refined mat hod 3 of reducing the amount of miscellaneous impuri- 
ties in the sircerdoa specimens to be studied, with reduction of errors 

in the optical equipment, and with the inc or pupation of a proforr&J crystal 

°*V 

orientation, it is prooable that polarized light may still b© used to 
determine the corrosion-resistance of zirconium „ 
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Chapter I 
INTRODUCTION 

Escauso zirconium has a low cross -section for thermal neutrons 
and has desirable structural qualities, it is being used more and more 
in nuclear reactors* In this application, the zirconium often is exposed 
to relatively high temperature distilled water for long periods of time* 
Consequently, its corrosion-resistance under these conditions has become 
important, especially since it varies over a wide range depeiiding upon 
the amount and type of impurities present. To date, no reliable test 
has been developed which will give a rapid, accurate evaluation of the 
corrosion-resisting quality of a random sample of zirconium. 

The purpose of this the3ia was to study with polarized light tho 
effect of nitrogen on the corro3ion-resistance of <>est5 nghouse Grade I 
Crystal Bar Zirconium* The particular type of corrosion investigated 
was that caused by surface contact with distilled water at 450° F and at 
560° F. The study was limited to areas of single grains which did not 
include any grain boundaries. 

Modern research n:etallcgraph3 provide an excellent means of using 
polarised light to examine the grain structure of hexagonal metals ouch 
as zirconium. Ths optical effects involved in such an examination of the 
reflection of polarised light from opaque surfaces have been known for 
over a half-century. I'ore recently, the development of an Elliptical 
Vibration Compensator has made possible an easy method of accurately 
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measuring fchas© effects. A detailed discussion of the theory involved in 
this method is contained in Chapter II. 

fchile a survey of the literature has revealed no previous attempts 
to use polarized light to study zirconium conosion films, a small amount 
of information is available concerning related problems. ,r ost of thie 

•7 

information is summarized by 3. w. Wott and H* ti. Haines in "The Examina- 
tion of Petals Under Polarised Light," Part I, A ERE, M/ll 604. The latest 
previous work of this nature is a Bachelor of Science thesis entitled 
"High Sensitivity Veasuremsnts of the Optical Anisotropy of Beryllium" 
by Edward L. Bronson at L.I.T. in 1951. He found appreciable changes in 
elliptical compensator readings for different types of films on beryllium. 
This result suggested to Lr. A. li, K&ufmnn that the characteristics of 
the corrosion film of zirconium might be studied in a similar manner 
and that possibly the results might provide a means for devising a 
corrosion-resistance tQ3t. Preliminary work by the authors during the 
\M.T. fall semaster supported this belief and precipitated the present 
study. 
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Chapter II 

THttOflifflCAL AN A Lidia 

At room temperature zirconium is a close packed hexagonal crystal ♦ 

The optical properties of such ciystals are known to vary for different 
directions .in the crystal and are therefore said to be optically aniso- 
tropic. In the hexagonal system there are two crystallographic planes 
of symmetry — one containing the major crystallographic ax^s or optic 
axis, c; and the plane that is normal to this containing the basal plane. 
These two directions are called the principal directions of the crystal. 

The optical properties of the crystal in each of these directions can be 
described by its refractive index, n, and absorption coefficient, k. Thus 
n Q and k Q describe the optical characteristics of the crystal in the di- 
rection of the optic axis and n^ and k b describe the characteristics in 
a direction perpendicular to the optic axis. 

«.hen a ray of plane polarized light fnll3 upon the polished surface 
of a zirconium specimen, the vibrating vector of this light can be resolved 
into two components — one lying in the plane containing the optic axis 
and the other perpendicular to this. Jince all experimental work carried 
out in this thesis was done with normal vertical illumination on zir- 
conium specimens, all figures ard descriptions will be based on this. 

Figure 31-1 shows the ray of plane polarized light at normal incidence 
to a zirconium specluer. whose optic axis is neither in the 3arr.e plane 
as the normal to the surface nor in the plane containing the vi rating f 
electric vector of the incident light. is the incident electric 
vector with component along the optic axi3 and l£^ b perpendicular to 
the optic axis. Q S^QQ 3 
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The refractive index, n, and the absorption coefficient, k, are 
properties of the crystal which affect the intensity or energy carried 
by tho incident wave. Since the energy of a plane polarized light wav® 

Is proportional to the square >f the electric vector, the electric vector, 
and its components w311 be correspondingly affected. The properties, 
n and k, in a specific direction are referred to as an index pair — being 
n^, and n Q , k 0 for their respective directions in the crystal. Thsse 
index pairs may be thought of as vector operators, In zirconium which 
is an opaque (absorbing) crystal, these index pairs or vector operators 
are complex operators of the fora (n-jk). 

Since the index pair, n 0 , k Q is different than V k b* the incident 
component E^ will be operated on differently than the component E io . If 
the reflecting pcwar of a principal direction is defined as the ratio of 
the intensity of the reflected component to the intensity of the incident 
component, we have 




or in terms of the index pairs and n^, when the medium of im- 

mersion is air, equation (1) becomes 4 



R 



o 



“b 




( 2 ) 
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Thus when the incident vector component, 2^ , is operated cn by 
H o during reflection, the reflected component, will be different, 
S im il ar ly when 2^ io operated on by R^ t li^ b Will be different. Both 
components of the incident vector id 11 have been changed in magnitude 
and will be out of phase with each other when reflected. That is, while 
in the specimen the change in velocity of propagation of due to R Q 
was not the same as the change introduced in S by Ft^ and upon emergence 
the reflected components were out of phase with each other. 

In Figure TI-2(a) the incident ray io shown resolved into two com- 
ponents at right angles to each other and in Figure II-£ (b) the reflected 
ray is shown resolved into two components at right angles to each other. 
Thus the incident plane polarized light is reflected as elliptically 
polarized light due to the optical anisotropy of sire oni urn. 

In the special case where the electric vector, is coincident 
with one of the principal directions such as the optic axis, there will 
be no component in the direction of the basal plane, i.e., will bo 
zero. will equal and the resulting reflected light will be 
linearly polarised, Summarizing, when plane polarized light is Incident 
(normal) cn a specimen of zirconium, elliptically polarized light will 
be reflected except ^hen the direction of polarization is coincident with 
a principal direction. This can be better visualised in Figure TT-5. 

In Figure IT -43(a), component E^ is operated on by U o and 2^ by This 
changes and so that they fora elliptically polarized light. For 
each angle <X , the resulting elliptical light will be different and the 
maximum ellipticity will occur for (S - 45° • In Figure II -3(b) compo- 
nent K Q is operated on by H o and since 2^ s 0, the reflected light will 
be linearily oolarized in th3 same direction. 
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New consider the oase in which tho specimen is viewed through an 
analyzer whose direction is at right angles to the polarizer supplying 
the light. This la a condition known as "crossed nicola." Figure JI-4(a> 
shows the direction of the polarizer, P, the direction of the analyzer. A, 
and the principal directions of the crystal, o and b. When the specimsn 
is rotated to an angle OC between P and o, the light reflected to the 
analyser will be elllptically polarized and the components of this light 
parallel to the direction of the analyzer will pass through. As OC vari<‘ ;• 
when the stage is rotated tho elliptic} ty of the reflected light and thus 
tho comporents parallel to the analyzer direction tsill change. This will 
vary the intensity of the reflected light as viewed through the analyzer, 
when the direction of polarisation is coincident with the principal di- 
rection, o, a9 in Figure H«4(b) the reflected light is plane polarised 
and is at right angles to the direction of tbs analyser. No light should 
be transmitted in this case. Therefore as the stage with the specimen 
is rotated through 560^ there should be four points of minimum intensity 
and four points of maximum intensity — ■ the minimum occurring when the 
principal directions are coincident with the polarizer direction and the 
maximum when the ellipticity is the greatest, i.e., when the angle OC is 
45° (diagonal position). 

It is noted, however, during observations that the minimum inten- 
sities are never complete nulls as would be expected and that the four 

4 

maximum intensities are not of equal magnitude. As brought out by Barok , 
with physical optical systems it la almost impossible to provide a source 
of pure plane polarized light to the specir^n. The optical systems 
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usually create a small amount of ellipticity and t ho ref or© even wh»n tho 
principal directions are coincident with the direction of polarisation 
as in Figure II-4(b), some light can be viewed through the analyser* 

If device, which can compensate for the ellipticity introduced by 
zirconium into plans polarized light, can be inserted in the path of the 
elliptical light, it is believed that much information can be obtained 
about the surface properties of zirconium. This elliptic ity i3 caused 
by a phase 3hift and the rotation of bhe plane of polarization. There- 
fore the ellipticity could bo removed by two compensating devices of 
known charact eristics — one which removes the phase 3h‘ft ar«d the other 
which removes the rotation. To see how this can be done, the gecnobry 
of elliptic ally polarized light should be rov lowed. ** 

The locus of a point tracing an elliptical path 13 given by 



where the x component leads the y component by an angle <p (in radians), 
ft is the amplitude of the y component (retailed) and h *]g tne amplitude 
of the x component (accelerated). T is the period of vibration and t 
is the time elapsed since y s 0. 

Kef erring to Figure 11-5, the ellipticity is defined aa 



x 



y 




i- 



£ s tan 60 



a 



■-(4) 



or 



sin Z CJ z 






(5) 
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and the eqxtation of an ellipse referred to its wn axes is 

2 9 

1. + s: : 1 

a 2 >, 2 

a b 



( 6 ) 



In Figure 1 1-6, consider an elliptical pattern of light where x 
Is the incident vibration direction. © ifl defined as the aeimuth of 
the elliptical light. 



x'2 . y»- _ , 

TT + — 1 



r« 2 

W 



and 

Combining (7) and (8) 



A s x^ f cos © - y^' sin £ - 



( 7 ) 

( 8 ) 



A 2 r a 2 cos 2 & + b 2 sin 2 © (9) 

a 2 r a 2 aln2 ti + b 2 eos 2 B (10) 

adding and subtracting (9) and (10) 

A 2 R 2 s a 2 b 2 (11) 

A 2 - R 2 = (a 2 - b 2 ) (cos 2 © - sic? ©) 

r (a 2 - b 2 ) coa 2© (12) 

3y introducing the phase lead, m, of the A component over the R 
component, other fundamental relations can ba derived. From equation 
(5), if y z 0 and x s p, vq have 

p z A sin q> (13) 

From Figure II-6, this point p is y 2 * and 

*2 



* = p cos © z A sin cos © 



ra 



p sin B = ft sin <j> sin ft 



(14) 

(15) 
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Substituting (14) and (15) into (8) gives 



A 2 sin 2 <s> 



2 .2 

a b 



sin 2 G Hr b^* ea * 2 9 



- - ( 16 ) 



and from (10) AR sin © = ab — (17) 

We have further 

2 2 a 2 b 2 

cos G s 1 - Bin G s 1 - — 2 — I T ' "" 1 : — 5 — O H ? r“ 

(a 4 cos^G + bSln*9)(a sln*G -V- b^eos^G) 

_ 2 _ (a 2 - b 2 ) 2 sin 2 0 cos 2 G 

or coo © s 

2 2 
A ft 

a - b 2 

or AR coo © Z ~ — - sin 2Q ------- (IB) 

2 

Rewriting equations (11)# (12), (17)# and (18) said defining 

p = t mt - a2 ‘ t * b£ • 

2 2 

- *2 „2 2 .g 

5 - A ~ H = a ~ b cos 29 (20; 

2' 2 

2 2 

K - AH cca v Z 8 ~ b - sin 29 ■ - (21; 

2 

S = AR sin ip : ab - (22) 

Combining (19)# (20)# (21)# (22) gives 



Q 2 -V* K 2 +■ S 2 - P 2 (25) 

which suggests the equation for a sphere in which Q, K, and S are the 
rectangular coordinates whose radius is P with the center at the origin. 
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To show hew the spbei*® isay bo U30d to determine the constants of 
an elliptic; vibration we have for the asimuth G of the ellipse from 
(20) and (21) 





tan 2ft : | 


- - — <«*> 


in which 9- can assume any value between 0 and 


n and is independent of S* 


Similarly from (19) and (22) 






2ab • 3 


(Z?.) 




7T? f 


and since £ Z ~ 


from (4) 






af _s 

rry 2 ‘ p 


(23) 


and from (5) 


- = sin 2 D 
P 


- - (2?) 



co £ “ tan CO (2' 

Therefore tha ellipticity, is independent of Q and K and since 
sin 2u> can have say value between -1 and +1, $ say range between -1 

and +-1. 

Father, the phase lead d of any ^ component, from (21) and (22) 
is given by 

tan ® Z - (29) 

X 

In Figure II~7, let the QK plana b© the equatorial piano of the 
sphere and the 5 axis bo the polar axis. Let longitude be measured frosi 
the Q axis eastward, and the latitude upward from the equatorial plans. 
Inspection shows that 2© is the longitude end 2 U is the latitude of the 
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expressed vibration* Therefore tha longitude on this 3phero of reference 
can be used to determine the azimuth of the vibration while its latitude 
can be used to determine ellipticity or phase shift. Plane polarized 
light (no ellipticity) is represented by the 3ua total of points on the 
equator while positive and negative circular polarised light are repre- 
sented by the north and south poles respectively. 

The Bausch and Lemb Elliptical Vibration Cora^csator was used in 
this thesis to measure tho rotation ard ellipticity cf tho reflected 
light. In th© compensator unit there are two elements: a rotation com- 
pensator and an elliptical compensator. Figure II -8 shows a schematic 
diagram of tha compensator unit. 

The rotation compensator will bo taken up first. The rotation com- 
pensator consists of two identical glass prisms cemented together with a 
transparent corns nt of the Sana index as that of the glass. On the in- 
clined inner face of one prism is a quarter^ave interference with an in- 
dex differing from that of the glas3 . This quarter wave interference is 
tin oxide applied by high vacuum thermal evaporation. This quarter-wave 
is for a specific wave length and a correction must bo made if other 
wave lengths of light are to be used. Referring to Figure IT -8, it is 
seen that the inclined film of the rotation compensator transmits the 
p-eciipcnent of the incident polarized light more copiously than the 
s-compenent. This results in a rotation of the polarized light traversing 
tho film. 







and 



tan 



S 



P 



B 

a 



tan j/^ I li tan Q where 
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If the azimuth of the incident light or tho film is y!/ { a^d the 
azimuth of tho transmitted light is then with no mica plate present, 
would also be the azimuth of the light incident on the specimen • If 
the specimen produces a rotation of the incident light, the reflected light 
will have an azimuth ^ Qt and after passing through the com^nsator film 
tho light will he rotated again and eraerge with an azimth of </>^f Again 

tan}£ d , = R tan ft, 

'with tho polarizer and analyzer crossed, compensation is obtained 
by turning the film about th§. optical axis of the system until extinction 
occurs • At this point compensation has been effected. Therefore at com- 
pensation with the compensator setting at r. 



r - **« = f*d* 

The rotation produced by the specimen is (^ d - ji',). 



tor. {ft - ft,) z tan .^d - toH &i 



1 -f- tan tan 




or 




(30) 



where 



tan {ft -ft,) re 



Since ths rotation produced by tho specimen Is usually 



such less than 5° 
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In Figure II-8 the elliptical compensator ia located above the rota- 
tion compensator and consists of an extremely thin mica plate cemented 
between cover glasses and is rotatable in its own plane. As in tha rota- 
tion compensator, light traverses the mica plate in both the incident and 
reflected directions, thereby removing half the phase shift due to tha 
specimen in the incident beam and the other half from tha reflected beam. 
Since the relationship of elllptically polarized light to a sphora has 
already been shewn, it is easy to present a geometrical explanation of 
what happens to light as it traverses the elliptical compensator. 

Figure 11-9 shews the five operations on the incident plane polarised 
light* The fast axis (principal direction) of the specimen ia assumed to 
be at 45° to the direction of polarization. This will be a longitude of 
90° in the sphere since all angles are double. (It should bo recalled 
that tha maximum ellipticity due to the specimsn occurs when the direction 
of polarization of the incident light is st 45° to one of the principal 
directions of the crystal. This will fix the position of the specimen 
on the stage in the procedure to be described later). 

Figure II-9(a) shows the rotation of the incident light after 
passing through the rotation compensator (inclined quarter-^ave film). 
Figure II-9(b) shows the pha3© shift introduced into the rotated plane 
polarized light after having passed through the mica plate of the ellip- 
tical compensator. This is the light which falls on the specimen. It Is 
to bo noted that this light is new slightly elliptical having been given 
both a rotation and a phase shift. Figure II -9(c) shows the rotation and 
phase shift given to the incident light by the specimen. Figure IT-9(d) 
sheas the phase shift given to the light as it. passes bach through tha 
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mica plate and Figure II -9(e) ahc«3 tbs rotation added when it paoccs 
through tha quarter wave film again. This last point lies on tho equator 
of tho sphere indicating that it is piano polarised light (no latitude) 
and is in tho same direction 89 tho Incident light (no change in longitude). 
Thus the ellipticity has been compensated for and when viewed through a 
crossed analyser there snould be extinction. 

From Figure II -9, it can be shown by projection geometry (see Ap- 
pendix A) that 

sin A Z sin <p £ain(2o + sin(2m - 2d 2 ^ (32) 

where A is the phase 9hift on the sphere due to the specimen 

m ie the angular displacement of the mica plate 
fast axis from zero 

fp is tha phase shift due to the mica plate 

d, and d^ are individual rotations of incident and 

reflected beams due to rotation compensator. 

Knowing that d^ and d^ are small and about equal and that A is a 
small angle, we obtain 

A = 2 sin <? sin 2m - - (53) 

where A is in radians. 

V/ban the specimen is in the diagonal position, tha incident light 
is reflected with maximum ellipticity. This elliptical light has com- 
ponents vibrating parallel and perpendicular to the direction of polari- 
zation. These two components will be out of phase since the light is 
elliptical. The phase angle between these components which is caused 
by the specimen is called "t, the characteristic angle. ' 

For each typo of specimen there are many anisotropy parameters. 

These consist of apocial functions of the index of refraction, the coeffi- 
cient of absorption, the ellipticity of tho wav©3 penetrating into tha 
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specimen, and the index of the immersion medium. However* all of these 
functions are related to two of the parameters. One will be called the 
polarisation coefficient £ and the other the phase coefficient & . It 
has boon shewn that 6 . is the tangent of the naLauih of the major axis 
of the reflected vibration ellipse measured from the vibration direction 
of the incident light (Ecu 50) and $ is the ratio of the minor axis to 
the major axis. For incident linearly polarised light* the reflected el- 
lipse can be written in the form 

v9 i ' C =6-1-1$ (54) 



where v is the relative anisotropy and is equal to 



J1F+J 1 



on the sphere 5 



tan 



= X 
6 

^ z tan to 



(55) 

(28) 



and W is one-half tha latitude of a point on the sphere. 

Since we are referring to the phase shift (change of latitude) due 
to the specimen (Figure ll-0(c)). 



-S 



fcan J 



(minus due to convention on sphere) 



or for small angles of A 

a s -a<f 



( 36 ) 



From Figure II -8 and Equation (50) it is seen that the tangent of 
angle between the major axis of the ellipse and the incident piano light 



in terms of the compensator is 



tan (<f d - ,) 




sin Zr 



( 50 ) 
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Substituting equations (56) and (50) into eouation (55), giv ®3 



tent? r - s in + ain 2m (57) 

~ * sin Sr 
2R 



However, the quarter-wave filt in the rotation compensator is exact 
only for one rave length of light. For wave lengths longer or shorter 
than this, the light will suffer a relative phase change in passing through# 
Therefore equation (57) mu3t be corrected for the wave length of light 
used and becomes 



tan T? 



-ein <t> sin 2m -Vain p sin 2r 

R 2 -1 

2K 



sin 2? 



(58) 



where the quantities <p, p, and R are determined experimsntally and are 
constants of the compensator# 

It should bo noted in the above derivation that tha b* used i3 not 
strictly the characteristic angle since the incident light is not plane 
but elliptical due to passing through the rotation and elliptical com- 
pensators onco. However, for practical purposes, the approximation is 
not too bad. 

The Bau 3 Ch and Loab Elliptical Vibration Compensator (Figure III-8) 
ha3 calibrated divided circles upon which can be read the settings on the 
rotation and elliptical compensators. The readings for extinction on 
two successive diagonal positions of the specimen are subtracted to giv® 
the values of 2m and 2r to be used in equation (SB). 

b is a unique value — it is a c onstanfe for a particular aniso- 
tropic natal or nurasral regardless of the angle of the basal piano or 
cleavage plane (provided that the surface condition is the same in each 
case). The value of b for isotropic crystals is not constant and varies 
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between -90° to For anisotropic crystals 'b' will show a change 

with surface characteristics which are undetectable under ordinary micro- 
scopic examination. The measurement of 'b serves as a criterion of the 

excellence of the polishing technique - tho highest value of being 

9 

the best polished. Tabulated values showing this fact bvo available. 

If an increase in tho characteristic angle. 'fc', can be used as a 
criterion for the atcellsnce of polishing techniques, then decreasing 
angles of tT could serve to indicate a film growth on a polls had surface. 
Therefore, the authors propose to study and attempt to determine the 
corrosion characteristics of sirconium based on theory described in this 
section. 
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Chapter III 

PROCSDUKB AND EQUIPMENT 

A. Preparation of Spec imam 

The original material from which all specimens wore prepared was 
an 18" piece of Wegtinghouse Grade I Crystal Bar Zirconium, approximately 
5/8" in diameter. The existing surface film was removed by wirebrushing 
and by chemical etching in a 1:1 solution of water and nitric acid plus 
a few drops of concentrated hydrofluoric acid. When all of the film had 
been removed, the bar we3 washed under tap water. 

From this original bar, a four-inch billet (approxi mately equal to 
100 graira) was cut from the center section. This billot was inspected 
again for any surface film, ospeciaLly in unc. around the jagged grain 
boundaries of the surface crystals and then it was rewashed and dried 
in acetoR3. 

In order to homogenize this "mother billet," it wa 3 drip melted 
twice under a vacuum of 10“® microns in a quarts tube using high fre- 
quency induction heating as shewn in Fig. IIT-1. The quarts tuba was 
evacuated by the u3ual laboratoiy fore pump, diffusion pump vacuum system. 
The zirconium billet was dripped into a standard f/.I.T. copper cruciblo 
which is shown in cross section in Figure IIT-2. Previous work had shcarn 
that copper pickup from 3uch a crucible wa3 negligible, after each of 
the first few dr ip-cra It ings , the quartz tube (Figure TTT-1) showed a 
slight dark film deposit on the inside surface in the vicinity of the 
position where the zirconium had been suspended during the melt. This 
film is believed to be caused by condensation of the m lace 11a neous .minor 
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impurities (o.g., Fe) volatilised during th© melting process. It was 
noted that tho amount of film deposited after'eaeh melt was less than for 
the previous melt. This suggested that the major percentage of tho im- 
purities of the "mother billet" ware volatilised 3n the first fen drip- 
melts • 

Since# from provious experience# a vacuum of 10 microns was sot 
ns the amount of evacuation necessary to avoid appreciable oxygen pickup 
during any high temperature process involving zirconium. the word "vacuum" 

■f c 

throughout the rest of this paper will mean a vacuum of 10 microns. 

After tho "mother billet" had been drip malted twice# it was held 
under vacuum at 1600° C for about ten minutes in order tc further homo- 
genize the material. The first specimen (piece H# Fig. 311-4) then iraa 
roughed out from a 1/8" thick slice cut off from tho large diameter end 
of the drip molted billet as shown in Figures I^T-3 and 1TJ-4. 

Piece (H) of Figure ITT -4 was prepared for metallcgraphic examina- 
tion v.hile the remainder of the slice wao given to the chemist for analysis. 
Upon completion of the chemical analysis, the material then remaining was 
subjected to a corrosion-resisting quality test in distilled water at 
315° C for approximately GOO hours. Samples A, C, D# and F were so tested. 

After the first slice had been cut from the main billot, nitrogen 
was added to the remainder of tho billet. From this billot the second 
slice was cut yielding the second sample. This process was repeated 
until si: samples had been prepared with increasing quantities of nitrogen. 
After each nitrogen addition, the billot was drip-meltod in vacuum twice 
to provide homogeneity. A sample calculation to determine the pressure 
of nitrogen to be bled into the vacuum system in order to add a desired 
nimbor of parts per million of nitrogen to the billet is given in Appendix 
8 , The six samples 30 prepared with their nitrogen content in parts per 
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million are chemically described in Table C-l of Appendix C and wore 
assigned the folic? in? symbol® t 



Specimen 

A 

B 

C 

h 



ppm Nitrogen 
6 
70 
115 
147 
150 
240 



The cix specimens listed wore prepared for metwllographio gx^ ml na- 
tion as f ollows 

(a) Paper polished using kerosene on successively finer papers 
from 32C A down to 3/0 making each pa3S at 90° to the pre- 
ceding pass, 

(b) Slightly etched in a solution of equal part3 of water and 
nitric acid plus a few drops of hydrofluoric acid, washed in 
water and dried in acetone, 

(c) Slectropolished in a solution of one part of 60?. perchloric 
acid to ten parts of glacial acetic acid using a stainless 
steel anode and approximately 0*3 arapere3 and 18 volts for 
about 45 seconds. Experience and skill is needed in this 
phase in order to produce a "standard” eloctropolished surface, 
free froji any macroscopic film and surface irregularities. 

Since a chemical etch film can bo produced if the sample is 
left in the solution after the current is turned off, the 
sample always was withdrawn from the solution with the cur- 
rent still on, Moreover, since electropolishing for an 
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excess ively long period of time or with excessively high 
voltage can cause surface deviations, these conditions had 
to be avoided* Two of the samples inadvertently were ex- 
cessively electropolished on the first try and had to be 
paper polished, etched and electropolished over again* All 
six samples when completed, however, showed a remarkably 
"standard" surface* The values of the characteristic angle 
for all of the anisotropic zirconium crystals selected did 
not differ by more than ir2. v 0 reover, after corroding these 
specimens fifteen times, the surfaces again were prepared in 
the saru 2 manner and gave reproducible results of the charac- 
teristic angle of the same crystals, within the same limit 
of e^ro: ,, . fitter each elect ropolis hi ng operation, the surface 
was washed with denatured ethyl alcohol and immediately hot- 
air driud. 



0* ‘tetallographic Procedure and Equipment 

A detailed description of the equipment used is included in S.B. 



thesis, N.I.T. , 19 51, by E. L. Bronson* A photograph of this equipment 
is shown in Figure II 1-7. 

The general procedure followed was to use an Elliptical Vibration 
Compensator to measure the phase shift and rotation in the reflected 
polarized light freo a particular portion of a selected crystal after 
successive growths of corrosion film* In order to do this, it was 
necessary to examine each speciiaen very carefully under polarized light 
in order to select one or more crystals in that specimen which had the 
following characteristics : 

(a) large enough (X/52 n x 1/52 n minimum). 

(b) Unique Singularities in shape of boundaries to permit easy 



identification. 
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(c) Free from spots or areas which became alternately bright and 
dark but not in phase sequence with the background crystal 
material, 

(d) Free from twin bands, 

(e) As far as possible, free from pits, inclusions, and spots 
which remained dark throughout an entire rotation, 

(f ) As far ns possible, free from shaded variations in color 
that appear within a crystal on seme angles of rotation 
while appearing uniform in color on other angles. This 
"mottled effect” previously has shown up in drip-melted 
sample?, but its nature and cause still remain unknown. 

Two crystals were selected in each of samples A and K, while one 
crystal was selected in each of samples B, C, D, and E, The two crystals 
in A and F were chosen in order to determine whether the orientation of 
the basal planes had ary effect on the variation in tha phase shift and 
in the rotation of the plane of polarisation from the surface of the 
randomly oriented crystals and from tiro corrosion films grown thereon. 

Once the eight crystals were selected, they were photographed 
at 50 X in order to preserve a record of their contours to assi3t in 
identification after the corrosion films had been groan. 

Having chosen a particular crystal in each sample, it was necessary 
to select a particular area in each sample and to devise a means which 
would permit observations of that particular area (and only that area) 
after each successive autoclaving. The equipment shewn in v ig. 7- 1-6, 
pieces J, K, and L were designed to accomplish this function. 

In Figure III -6, piece J la a frosted glass plate set in a metal- 
lograph photographic frame. A 1-1/16” diameter circle and oeroendicular 
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"cross hairs" were drawn in black ink at the center of the rlass plate. 

Next a sheet metal plate w ith a ona-ioch circular hole cut out of its 
center was fitted into another frame so that^by suDerpcaition, the hole 
was concentric with the 1-1/16* 1 circle drawn on the glass plate. Four 

5/32" bolting hoi is were drilled so shown in K of Figure 1II-5. To tills 

12 

plate the housing for the photomultiplier tube was bolted as shown in 
L of Figure I1I-6. The metallograph was now ready to be used to measure 
the intensity of polarised light as reflected from the specimens. Figure 
IJI-6 is a diagram of the optical system in the :5 au3Ch and Lomb Research 
lists llograph, which was used in this study. The Carbon Arc source of 
light normally supplied with the metallograph previously had been replaced 
with a 40-watt Zirconarc tube which, after a warm-up period of three houra, 
provided a source of white light which was reasonably constant in intensity. 
To assist the Zirconarc in maintaining, constant intensity, a Raytheon 100 
power factor 120 volt 120 watts voltage stabilizer was connected into the 
alternating curreit feed to the Zirconarc Power Supply Box. This Power 
Supply Box acted as a converter and furnished the Zirccnsrc tube with 
approximately 2 ajiporss at 30 volts, direct current. All of the equipment 
described in this paragraph is shown in Figure ITT-?. 

To make certain that the polarised light always struck perpendicular 
to the surface of the 3peciman (or its film), each specimen w^3 viewed 
with its elec tropolla had side down cn a thin glass plat© which had been 
made to fit the recess in the head of the metallograph. Thi3 glass plate 
had a 1/4" hole cut at the center with the edges of the hole carefully 
ground over so that no protruding sterp edge3 ware available to scratch 
the surface to be studied. 
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FIGURE III-7 

METAtLGGHAFH WD ASSOCIATED EQUIPS NT WITH ELLIPTICAL 
COMPENSATOR IN PLACE 
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FIGURE HI-8 

ELLIPTICAL VIBRATION COMPENSATOR 
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The specimen was then cantered over the hole in the glass plate 
so that the metallograph beam fell on tha desired crystal. This was most 
expeditiously accomplished by scanning the sample with a relatively low 
magnification (5.6 X) objective lana in the mat allograph* Once the ciystal 
was located, a 13*.5 X objective lens was inserted in place of the 5.6 lens. 
Aith a combination of a 13.5 objective lens and a 10 X hyperplane eyepiece, 
and the bellows extended to 58.6 era, the magnification obtained was 200 X. 
Once the cross hairs of the glass plate (J), Figure IJT-5, were located 
in a "clean" area of the crystal, a map of the exact location of the cross 
hairs and the 1-1/16" circle relative to the adjacent gr -in boundaries 
was traced on a transparent paper. V^ith this map, it was relatively easy 
to reposition the crystal after each autoclaving so that the photomultiplier 
tube was measuring light intensity from the same area each time. It also 
was necessary to align the objective lens in the matallograph for each 
crystal so that upon rotation of the stage through 530° the crystal would 
revolve concentrically around the centering cross hairs. This alignment 
was most easily and most accurately accomplished by viewing the rotation 
at 200 X on the glass plate. 

once the crystal had been located accurately, the metallograph stage 

was rotated in increments of 10° through 5 g 0° . The amplification of the 
12 

photomultiplier circuit was adjusted at the battery box to give readings 
on tha galvanometer ranging between 0 and 100. Instead of tabulating 
the readings, they were more rapidly plotted directly on reproducible .graph 
paper forms printed especially for this purpose (Appendix D). This • 
portion of the data was taken in order to locate the four azimuthal posi- 
tions of maximum intensities of the reflected light during a full 
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rotation. Henceforth these four position® will bo called the diagonal 
positions of the crystal. The entire curve was recorded, instead of just 
tho peaks, since this plot permitted a graphical location of the exact 
diagonal positions more accurately titan could bo obtained merely by sweeping 
with the galvanometer in the vicinity of the peaks. As it turned out, 
other interesting physical phenomena became apparent after studying and 
comparing the shape of tho intensity curves. 

Having determined tho four angl.es of setting of tho csatallograph 
stage for the diagonal positions, the 13.5 objective Ions was removed and 
the Elliptical Vibration Compensator was inserted in its place. The com- 
pensator was centered in the sans manner as w*s the IS. 5 lens and the 
exact area to be scanned again wa3 located on the glas3 plate (J) Figure 
II I -5. This was necessary because each time a Ions was removed from the 
metallograph and then replaced, it was found that its optical axis would 
not return exactly to its previous position. Having centered the ellip- 
tical compensator and relocated the area on tho sample with the aid 
of the tracing, the metallograph table was set on each of the azimuths 
of tha diagonal positions at which points the elliptical compensator was 
adjusted for extinction. Figure III -8 is a photograph of the elliptical 
compensator and Figure II-8 is a sketch of its optical system. In Figure 
IIT-8 the upper pin controls phase shift while t e loerar Din controls ro- 
tation of the plane of polarization. To adjust the compensator for ex- 
tinction both pins are rotated by trial and error until the galvanometer 
gives a minimum reading. Tho significance of this operation is described 
in Chapter II. Two extinction readings sera taken at each of the four 
diagonal positions. The phase shift and rotation duo to the specimen 
are included on each graphical form sheet in Appendix D. 



D 




COBFIDSmi'L 

35 



CONFIDENTIAL 



C. Autoclaving Procedure 

Since the baaic problem consisted of using polarized light to study 
the characteristics of the corrosion film on zirconium, it wr»s important 
to be able to correlate the data obtained with none corrosion narametor. 
Previous work cy the authora had shown that 100° C. was too low and 515° C 
was too high for optimum growth of corrosion film for this type of study. 
Consequently, during run ,71, successive autoclavings were carried out at 
a temperature of 255° C for equal increments of 15 minutes each. In run 
l r2 ths time of each autoclaving remained 15 minutes but the temperature 
was raised to 295° C, 

The autoclaving for run ^1 is described in detail as follows. The 
stainless steel autoclave wa3 filled with distilled water and the six 
specimens were placed in ths water with electro polished surfaces facing 
upwards. The cover was then bolted and the autoclave was heated in an 
electric oven from room temperature to 233° C using a constant setting 
on a ^ariac in the circuit. The time required to bring the autoclave up 
to temperature in this manner was approximately two h< urs and twenty-two 
minutes, and this time remained reasonably constant varying by not more 
than ds8 minutes. As soon a3 the autoclave temperature reached 233° C, 
the autoclave immediately was transferred to a preheated oven with 
automatic controls v.hich nBintained tha autoclave temperature at 233° C. 

After i5 minuto 3 at this temperature, the autoclave was removed, sprayed 
with water until this 3 prayed water no longer turned to steam and then 
immersed in tap water. The entire cooling procedure took approximately 
five minutes and was constant to wlthinir 1/2 minute* Once cooled, the 
autoclave was opened, the samples removed and air-dried with a syringe. 

For each successive autoclaving, new distilled water was used. Calibrated 
Chromel-Aluisel thermocouples correct to dfc 1° C were used. 
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Run $Z was conducted An a manner similar to run ,-fX except that only 
one autoclaving was dona and its temperature was 295° C. Tho tins required 
to bring the autoclave up to 295° C wes 2 hours and 59 minutes* The 
cooling time was 5 minutes. 

In run #1, the corrosion film varied in color from a pale yollow 
after* the first autoclaving, cn through straw, to medium brown to bluish 
for tne la3t autoclaving. In general the changes in film color \?ere similar 
to those obtained in tempering steels Polarized light re^din.^s were ob- 
tained up through the bluish film3. 
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Chapter IV 

KS3UUTS AND CONCLUSIONS 

1, The values obtained for either 2m, 2r, or do not vary in any manner 
consistent with the r&trogen content in the speciwsra, Therefore, 

at present this method does not apoear suitable for use as a corrosion- 
resistance test for zirconium, 

2, t.ith further refinement in methods of sample preparation and with 
more accurate optical systems, it still any be possible to use 
polarized light to determine corro3 ion-resist a nee of zirconium. The 
details of what refinemsnbs are necessary and what optical errors 
should be eliminated are included in Chapter V, 

3, Three possible explanations of why the value of ^ did not va ry as 
the nitrogen content in the specimens are as follows j 

A, As shewn in Appendix C, the inadvertent impurities in the specimens 
were considerable compared to nitrogen content. For example, 
in the lew nitrogen sample 1/ -1 thars wa a about twenty times as 
much iron and cait>on as there was nitrogen. In the remainder of 
tn© samples, as the content of nitrogen was increased, volatili- 
sation reduced the quantities of other impurities. It is en- 
tirely possible that the variation of the effects on corrosion 
of these other impurities was greater than that of the nitrogen, 
a. doma metals corrode at different rates along different directions* 
Zirconium, being anisotropic in other properties, probably is also 
anisotropic in corrosion. Therefore, with random orientation 
of the eight crystals studied, the effect of variable corrosion 
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growth caused by grain orientation may have been of greater magni- 
tude than the effect of nitrogen content. 

C. A combination of (A) and (B) acting together. 

4. The anomalous behavior of curves 1A-2, 2A-3 3nd 2F-4 are explained 
by the fact that thair optical axes were nearly perpendicular to the 
surface of the specimen. This statement is based on the fact that the 
specimens, when rotated upon the stage did not go through sharp maxima 
and minima of intensity, but instead remained fairly dark throughout 
the entire rotation. 3ince a hexagonal crystal has two of its three 
crystal axes of equal magnitude and since these two equal axes were 
contained in the surface of the specimen, there was very little el- 
liptic ity introduced into the incident plane polarized light. Conse- 
quently, the reflected polarized light contained practically no ellip- 
ticity which resulted in practically no phase shift. The rotation 

of the plana of polarization, however, was considerably more than for 
the other specimens. Hence with essentially a constant phase shift 
and an increasing rotation of the plane of polarization, the charac- 
teristic angle , which depends on the ratio of the sin33 of these 
two parameters, increased rapidly as shown in Figures IV -1 and IV 

5. As the corrosion time was increased, the color of the specimens pro- 
gressed from natural to straw, to yellow, to brown, to blue in overall 
appearance. 

6. Looking at each specimen in more detail, the color of the film was 
not homogeneous across the surface of any specimen. For example, 
in a specimen where the overall appearance of the surface gave a 
brownish appearance, upon more detailed observation seme areas 



CONFIDENTIAL 

41 



^ 52003 



COIJFIDbNTIAL 



appeared yellow and some blue, whereas the ma jority a one* red brown. 

The boundaries between these changes in color wore sharp and had a 
general appearance similar to the boundaries of large regular zirconium 
crystals. 

7. Additional zirconium crystal bar samples (not the a to F aeries dis- 
cussed in this thesis) were corroded for eighty hours at 51 5° C plus 
six day3 at 34S° C. A small amount of white powderish film became 
noticeable. This film was concentrated in white lines which appeared 
to be outlining zirconium crystal boundaries. 

8. After the 15th autoclaving at 255° F (end of -iun ?1) the specimens were 

o 

autoclaved at 233 C for about 40 hours. Upon rnetallo graphic examina- 
tion the film was studded with reddish irregular spots which shone 
through the much more darkly colored background of the crystal. In 
addition, there were sets of longitudinal linos which appeared as 
cracks in the film. In this condition, the diagonal positions of 
maximum intensities could not accurately be determined, nor could 
the adjustments be made for minimum intensities on the elliptical 
compensator. Jince the surface being studied was no longer homo- 
geneous, these results were taken as being random and were discarded. 
From this experience it is felt that polarized light cannot be used 
to obtain quantitative effects on film growth after the film has 
either broken down in local areas, or split, or grown too thick. 

9. The crystal boundaries remained the same shape and size when observed 
throughout the entire growth range of film growth. This fact indi- 
cates that the film was thin or that its structure w«3 similar to 
the parent crystal structure. 
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10# Upon calibration of Klllotical Vibration Compensator >'37 with a 
aircocarc source of white light, the now constants obtained are 
contained in the following corrected formula for the characteristic 
angle, l5V 

tan 1b) z -.6656 f. 1 " 4- .0208 

sin 2r 

11. Vhan specimens 1A-2, 2A-£ and 2F-4, (which had their optical axes 
almost normal to the surface ), were rotated through 360°, only 
two points of maximum intensity appeared, Upon investigation, 

it was found that the 13.5 objective Ions was strained, .hen 
another 13.5 objective Ians was used, the usual four points of 
maximum intensity were observed. The diagonal positions of the 
remainder of the samples were checked using both 13.5 lenses aixi the 
aaimuths coincided, shewing no error in this source o.f the data. 

12. The results of corroding specimens A, C, D and F in distilled water 
at 315° C for 800 hours showed that specimens A, C, and D were of 
about equal quality while specimen F shewed greater corrosion. 
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Chapter V 

ftEC0:?l > KNDATI0N3 FOR FDRTHStt INVESTIGATION 

It is recommended that further study, using polarized light, he 
made of the characteristics of the corrosion film of zirconium* Sorae 
suggestions which my prove beneficial in such a study ora listed as 
follows* 

1. Preparation of see citrons 

(a) Do all drip-melting in a vacuum of 1CT 6 micro nsi to reduce oxygen 
pickup in the specimens. 

(b) Since chemical analysis indicated ttat the largest percentages 

of miscellaneous imparities were removed by volatilization during 
the first few meltings, drip melt the mot bar billet of crystal 
bar about six times for reduction of impurities and for homogeni- 
zation. Gut the billet into four parts and add nitrogen so that 
the specimens to be studied will contain approx! mat <sly 0, 100, 

200 and 500 parts per million of nitrogen. This procedure will 
give each specimen the same number* of drip meltings and will re- 
duce the variation in impurities. 

(c) Hake specimens larger and provide an additional 10 grans for 
chemical analysis plus 5 grans for standard corrosion resistance 
test. 

2. Since the oetallcgraph optical system and its associated lenses are 
being returned to the factory for correction of optical errors, this 
problem should ur , be a factor in future work. However, periodic 
calibration cIvslIo should bo mads on tha mot allograph. 

3. Instead of using a large single crystal in the speciran for study, it 
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la suggested that the specimens consist of a large number of small 
grains that are given a preferential direct} on by cold working* By 
using a largo area with snail grains, i„e, about 100 grains, the 
problem may be approached in a statistical manner. This noy be don© 
by scribing an area on tho specimen *?nd centering thio area after 
each autoclave so that the same area will be observed each time. Ad- 
ditional advantages of this method are that the effects of any pre- 
ferential corrosion along grain boundaries will be included and any 
preferential corrosion due to crystal orientation will be eliminated. 
After any cold working, the specimens should be annealed. Twins in 
tho field being measured give erroneous results. 

4. Use the elliptical compensator with an optically inactive standard 
for locating the diagonal positions as wall as for determining the 
phase shift and rotation in tho reflected light. Thio procedure is 

outlined in tha Bausch and Loob Elliptical Vibration Compensator In- 
9 

struction Book. 

5. Hecord intensities of diagonal positions and of minimum positions. 

In order to do this it will be desirable to make ono or more "intensity 
standards" to which the galvanometer can be calibrated. 

6. Autoclave at 295° C for one hour intervals. 

7. Carefully note and record the color and general macroscopic surface 
appearance for each measurement. It is entirely possible that the 
corrosion time at which a specimen first shows film breakdown (as 
described in Cr ipt, IV -8) may be used as a corrosion parameter. 
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Appendix A 



Cteorostriesl Ana lyr-ag of Poincarr > ^Sph «e f or Hr . -.30 
Sfcdft Dus to Soaeimes 



From Figure A-l 



AB Z ca 3in(2u^2d 1 ) 

AC " AB tan 9^ r QA tan <9, 8in(£& ^ 2d^} 

AC OA tan <p x aln(2m Sdx) 

“ ^ OA 

tan ^ 



tan 



1 * OA 



Similarly 



tan oin(2m + 2d«^) 



FH : ?siu(2m-2d 2 ) 

QP Z Pd tan <s> 2 Z OP i>an 9^ (s:.n 2a - £dg) 

tan^T - QP - °? tan 92 Bin{Zn - 2d^) 

2 - OP " QP 

tan^ Z tin o 2 uin(2a - 2dg) 

r x 



M 



fb) 



Siose phase shift dua to speaini&a is A = cJyi-dg 
and ^ <p 2 = 9 
eddiff; (a) and i>> 

tan d* tan ^ Z tan 9 FsinlSn •$* 2dx) dr 8in(2m ~ 2&J 
sines te £. -)r ^ s tnn Tl ^ fcan ^2 

1 • tan/s 

and 6in .j S . a»d fg « 1 

tan { ^ * J^) ^ tan tan^ 

tan A z tan 0 |[ sia(2m *-2dx) -%- a in(2n - 2dr»)^| 
and A and 9 are both small so 
sin A Z sin 9 j” sin(2m>4* 2d^) ^-3in(2m - Sdg) | 
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Appendix P 

SAMPLE CALCULATION FOR ADDITION OF IOTROOSW 

Problem: To add 40 ppm nitrogen to a zirconium billet weighing 87.5 gras. 




J£ ... . and x I x 
87.5 id* 



number gm Ng needed 



Convert gma. of to cc of at STP and convert for room temperature 



cc qJ j<j • 40 x 87 .5 £ ‘•2*400 ^ 500 
2 10 6 28 275 

Estimate that an excess of 20£ must be supplied because a portion 
of the available Ng is not absorbed when the zirconium billet is heated. 



• cc of N - 1.2 * 40 x 87.5 x 22,400 x 500 
ID 6 x 28 x 275 



Z V, 



Volume of manifold Z 525 cc - Vg 



P^ Z atiacw. press, (on this day Z 751 ran) 



Vl = P 2 V 2 



or 



p 2 = hi_ 

\ 



p 2 = 751 x 1>a * 40 x 87.5 * 22,400 x 500 
10 6 x 28 x 275 x 525 



Z 9.54 mm 



Consequently, bleed nitrogen from the circular flask (shewn at 
the top of Fig. B-l) into the manifold until the pressure manometer reads 
8.54 m. Open the stopcock to the quartz tube (Fig. ITI-1) containing 
the zirconium billet and heat the billot by induction coil to 1^00° C 
for about ten nd mites or until the 8.54 mm pressure of Ng has been reduced 
essentially to the original vacuum pressure. 
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Figure P-1 



TYPICAL L'BOHATuiiY APFAKATOJ Fat 
A DPT KG NITKOGSN TO ZIBCOMU* 
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Appendix C 

CHEMICAL AND SPECTROGRAPH IC ANALYSIS 



Table I gives the results of Chemical and Spectrographic Analysis 
of tho original v.estinghouse Grade I Crystal Bar Zirconium and of the six 
samples (A, B, C, D, li, and F) made from that iiiaterial. During tho ni- 
trogen addition there war no substantial change in concentration of any 
other elements except oxygen, carbon and iron* Of these, the oxygon 
increased while the iron decreased, v.hile tho small amount of oxysren 
pickup noticed would not essentially alter one way or other the corrosion 
resisting qualities of the samples, the reduction in iron content rdght 
well have a pronounced effect. In particular, viample A v/hich was purest 
in nitrogen was most impure in iron, with a ratio of iron impurity to 
nitrogen impurity cf more than 20*1, 
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TABLES C-I 



CHEMICAL CONTENT OF PAKBCT ZIRCONIUM AND 



OF SIX SAMPLKs MADE THEHSr HO»l 
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Appendix D 
Data 

The data constats of values of phase shift and of rotation of 
plane of polarization measured after electropolish ing and after each 
autoclavir^. It was plotted directly on graph paper forms designed 
©3 poc tally for this purpose. 

For each specimen for each run* a cur\e \ma faired through the 
measured values of 2m and of 2r versus tha number of autoclaving. 

These curves are included at the end of each section of data. The 
values used in the calculatio;.3 of Appendix F aro values picked off the 
faired curves of data. 



CONFIDENTIAL 

0 52CC3 



52 



CONFIDENTIAL 



ftun 

Corrosion film was grown at 255° C 
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AUTOCLAVES AT 233'C 



PHASE SHIFT (2m) AND ROTATION OF PLANE OF 
POLARIZATION (2k) VS CORROSION 
TIME FOR SAMPLE NO. IA-1 
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PLOT THESE VALUES VERSUS CORROSION TIME 



GRAPH OF POLARIZED LIGHT INTENSITY VERSUS ANGLE OF ROTATION OF SAMPLE 
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PHASE SHIFT (2M) AND ROTATION OF PLANE OF 
POLARIZATION (2R) VS. CORROSION TIME FOR 
SAMPLE NO. 1C- 1 
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GRAPH OF POLARIZED LIGHT INTENSITY VERSUiS ANGLE OF ROTATION OF SAMPLE 

io 



\t(c 30k 



,o 

•9 
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1 


; (.4 . .126 . 
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45.9 
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45.1 


45.8 
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45.0 
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45.00 
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Mi 
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R 


45.00 


M? 
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Rj 
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Am. 


7.45 


ar. 
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45.75 


r 3 


4S.65 


M* 


38.30 


R4 
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Av 


Am 
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Ar 
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GRAPH OF POLARIZED LIGHT INTENSITY VERSUS ANGLE OF ROTATION OF SAMPLE 
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M, 
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R, 
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Ar 
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Mi 
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RZ 
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45.0 


37.3 
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'45.30 


49.10 t 45 .no 


l3T^o . 


. : >5-.SQ 



M 49.30 


R 45.10 


" S ~| 


M. 37.90 


R, 45.90 
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GRAPH OF POLARIZED LIGHT INTENSITY VERSUS ANGLE OF ROTATION OF SAMPLE 
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R* 
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GRAPH OF POLARIZED LIGHT INTENSITY VERSUS ANGLE OF ROTATION OF SAMPLE 
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M, 
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45.0 
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i 
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1 
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45.0 
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M 


36. *0 
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47.6 
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ANGLE OF ROTATION OF SAMPLE 









■AfJV AC 



1IT MET LAB 

WY JWH NRN 18 AF R 52 



16027-1 



CVJ 




i 1 1 r~ 



3 4 5 6 7 8 9 10 II 12 13 14 15 

AUTOCLAVES AT 233° C 




PHASE SHIFT (2M) AND ROTATION OF PLANE OF 
POLARIZATION (2R) VS. CORROSION TIME 
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L RIZEd LIGHT 



INtENSITY 



ROtAT.ION OF 



D 52003 



ANGLE OF ROTATION OF SAMPLE 
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_T._ 
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T44.S5 "t" 



. 3.6.5LI 
36.8 1- 
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47.9 


45 .; 


39.2 


45.2 


47 . c 
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47.9 


45.3 


47.25 


-T - - - <1 

4 S 30 . 


! J 9 . 25 :: 


! 45,15. .1 


r M.30 ;j 


i"Tyi Tr : 
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R., ^5.70_: 
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SAMPLE NO ID 1^7 ppm ^2 DATE ^ 195^ AM 

CRYSTAL NO 1 SURFACE Ft LM^ CONDITION 11th AUTOCLAVE 15 MIE, @ 233° C 
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45.50 "T 


1 

1 


am^ 


14.10 


ar, 2 


-5P 


1 

1 






1 
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SAMPLE NO 
CRYSTAL NO ^ 



PPM g. 

SURFACE FILM CONDITION 



Uth AI7P0CLAV3 15 MIN. © ?3J°C 





PPM 






i 4 {i.o 

j -^ 0 r 



SAMPLE NO U 

CRYSTAL No ^ 
r n'j. 



DATE 24 MA2CH 1*52 



SURFACE FILM CONDITION 5^ AUTOCLAVE If? M*- C * . 






46.0 

J-46.il 



t~ 






.1 M A 



3 t.l 
34^ 



* 3 SJ 0 



M 4 

~T mf J 

|Am i2( 


iiiSj-i 

jy?|j 


m 3 , U 

!- m~ 3 

AM 8 4 


4.70 1 
?.00 r 

6 . 70 ' 



R. 

Rl 



4 *- i - 

— . — : — 1 _ 

45.8 

-Ji5.7__lJ-.4U.? r 

:l±... 

hh -rr 






(if ..$5,7 



“iru: 



R* : 46.00 ! 



hR*.. -i 



f 45.00 • 
l.JSl 



It 



r 



- av 1 — Am 



6 . 7 d 



i 



phase^shjpt 

Av AR -0*3^ PHASE ROTATiqN 
PLOT THESE V*ALUE$ VERSUS CORROSION *t|mE 



TT 



! - 
4 ~~ 



11: 



H- 










GRAPH OF POLARIZED LIGHT INTENSITY VERSUS ANGLE OF ROTATION OF SAMPLE 
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SAMPLE No 



II 



PPM 
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CRYSTAL NO 



dateZ^ mazci: 1352 pm 

r , c 

SURFACE FILM CONDITION * ^ A”? -_CLA7T 1J K IK . 2J3 - 



@ ,. .026 ... 



! 47 . S 

I ur.7 

} 



Av 



■137; 



Z5_ 



46 .C 

46.0 

Jii.W 



© 


:.xr 


; 1 a) -- 


5C 


m h 






M3 _ j4 _ 


; : ,r. 


Ml 


’ R4 


1*1.0 




. ^ 

U5.6 


- 7.7 


- 5-9 , 


1*0.4 


45-7 


1*1.0 


;• 4*. 7 


“7.5 


L _._j 




rM.Sl - 

L- 


4l.CjO_ 




"~%s;55 T 


47.om 


r 7 ‘ h 5~ 




"W.75 - ‘ 




1 L 




' — 1 4. .1 

| 1 


-4— 4-i- 


; j 1 





— J 




1 

* 


■~r 1 t 


i 



M u.7.75 

m* 41.00 Rz 45 , 
Am , 2 6.75 ar , 2 0 . 7 > 



m 3 u. 7,60 Ri 45 . 

Mi 40 . 4 Cu- — * R. * 45.75 
A M34 7.30 AR34 Q.lp 



Av Am 6.57 phase SHIFT 

Av AR 0 , 2 ? PHASE ROTATION 

PLOT THESE VALUED VERSUS CORROSION "TIME 



T4t 



GRAPH OF POLARISED LIGHT INTENSITY VERSUS ANGLE QF ROTATION OF 



SAMPLE 



' 



Av 

10 

9 

8 

7 

6 

5 

4 

3 

2 ( 

I 




7th AUT OCL A Y15 1R Min’. © 2jyC 



SURFACE FILM CONDITION 



CRYSTAL No 



PHASE S^IFT 



RO TATtQN 



PH/. SE 



INTEf' j 



OF POLARJfZEO LIGHT 



SiTY 



e ; 

in 

z > 






angle of rotation of sample 
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DATE 




SAMPLE NO U 
CRYSTAL NO ^ 



@ . m 



46.9 
i L 47.0 






45.? 

4-5.5 



~4i9.'55' 



m, 46.55 
35^5 


R, 

_ 1 r 2 


i Am.j 7.W 


&r 



R 3 45.60 

r. 45.XL_ 

Am» 7.10 Ar» O.^p 



SURFACE FILM CONDITION “ th AIJTv CZAR'S 15 J'lX. 3t , C C 

— ~?T. SfSI.7 



39 -T 



45.3 



. 39.6 ! 45.4 



3f.sy~ i - 45:3$ ; 



PHA’SE SHIFT 



Av AR 0.22 PHASE ROTATION 
PLOT THESE VALUES VERSUS CORROSION TIME 



e>lmz 



46. S 



45.3 



46.75 



T — j" 

*h . ; j 

4 T I 

+ 



GRAPH OF POLARISED LIGHT INTENSITY VERSUS ANGLE OF ROTATION OF SAMPLE 



ANGLE OF ROTATION OF SAMPLE 
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sample: no IP 

CRYSTAL No ^ 

' ©TP??::... 

,r - E '- 

48.1 U 5.6 

47.8 i A5.i1 



24\ 



date 28 KAKCH 1952 AM 



surface film condition JH* 1 AUT0CLAT2 15 MIN € 233°C 

<§ > ...zW. 

J. 

39.6 
39 . 1 



A * L37 ^~1~ U5V50. TT 397% ?"' 



45. r 

45.7 



IB.TO.l’ 





® ~us 


M* t 


Ra 


I . MX 


! , .. 


: * V — - 

47.7 


45.fi 


,39.8 


45 .U 


i- 47.7 -4- 


— 4,5.5 


i 39.7 r 


I 45.4 

I 


: vt;»r 


_ L 


1 


45.55- 


’ 39.75 ! 


ri»5.46 



Nh 


'47.95 


R, 


45.5° 


Mj 


39.B5 


r 2 


! ' 45 . 70 . f- 


AMi; 


.fi .30 


Ar 2 


- 0.20 


' 


M 3 

Mi 


mi 


r 3 

Ri 




AM 3 4 




ar 5 , 


- 0.15, -, 



1 

• " f" 

t i; 



4~J 



AV Am 8.12 PHASE SHIFT 

AV AR -0.03 PHASE ROTATION 

PL,OT THESE VALUES VERSUS CORROSION TIME 



4-- 

! 



- 1 - 






-4- 



! 



GRAPH OF POLARIZED LIGHT INTENSITY VERSUS ANGLE OF ROTATION OF SAMPLE 
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SAMPLE" NO 17 
CRYSTAL No ^ 



:uo 



DATE 31 MAHCK 1952 AM 



SURFACE FILM CONDITION 



10th AUTO CL A VS 15 MIN. @ 233°C 



— : ' wrm 


7 — ® ...i# -i-.-'T 


@ H ... 


xfcfr 


j @ ...315...... 




tei 




Mj, 


L _ , 


.M3' j 1 


1 «3 ^ 


M« 


R t_ . 


47.7 


46.o 


40.5 


45.5 


47.5 1 


a 45.9 


40.0 


45.6 


47.7 

L 


ue.i 

: i i 


40.5 


- - -45.7 

‘ - j *■ 


4T.6 

: i 


45. 8 

, 1 

i : ■ i 


40.0 


45.4 




_ — 


[ W."$$ 


r '45.G0 


"' 4T.2H : 


1" 45.85 --i 


■ '4o;oo 


45.'<G — 



M 


47.70 


R 


’ 4 b .45 


Mi 


40.50 ;:T- 


r 2 


45.^0 


Am . 2 


7.20 , j 


^R .2 


0.45 



4 - 4 ~r 



Ms 


47755^ 


Rs '* 5.35 


Mi 


4 o.oo 


R-i *5.3° 


A M ,4 


7.55 


Ar 3 * ; O.35 



' ' .1 



"f 



|~ Av Am ~J*JT PH^SE SHIFT 

Av AR JP^^ 5 __L PJHASE ROTATION 



■nt m -i- \ ■ 

^ f ■ ! 1 ; s _j j ; - 1 | 

I r. : -If 1 • 1 



PLOT THESE VALUES VERSUS CORROSION TIME 
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SAMPLE No 



IF •’■0 ppM B s DATE 1 APH1L 1952 AM 

CRYSTAL No ^ SURFACE FILM CONDITION Hth AUT0CLAV2 15 KIN. <& 233 C 




SAMPLE No PPM. DATE 2 APRIL 1952 M. 

CRYSTAL No. - SURFACE FILM CONDITION -2th AU7CCJA7S KII7 @ ?33°C 



(§> 


1 @ 




<£ 


1 @ ...312 


| M t 


R 




R <* 


1 M ? 

..... j.. 


R) 


Ml 


R« 


45.7 


45.9 


3*.> 


45.1 , 


45.4 


45.5 


38.7 


45.2 


45.4 


45.7 

1 


3^.0 

1 ■ 


• 45.0 


45.4- 


45.7 


32. 8 


45.1 


45.65 


1 ■ 1 

45.30 1 


□yi' 1 


45.OI; 


r 44.40 


; 

45.60 


.3i.sp 


ri^iT 



' M 


45.55 ' 


_R, 


45. «o'~ 


M? 


3^.15 


R? 


45.65 


| Am.: 


7.50 


Ar 3 


.75 


( , ; 


Mi 


45.150 


R3 


45.60 


Ma 


38. fo. . 


R, 


45.45- ' 


1 ’ Am 3 4 


6.60 


Ar 3 , 


- _ aj*5 ' 



- 4 - 

Av 


Am 


7.05 


PHASE SHIFT 




Av 


ar 


0.60 


PHASE ROTATION 





PLOT THESE VALUES VERSUS CORROSION TIME 



lOf 



GRAPH OF POLARIZED LIGHT INTENSITY VERSUS A^GLE OF ROTATION OF SAMPLE 




SAMPLE NO UP 
CRYSTAL No. ^ 



24 <>pm N 2 date 4 APRIL 1952 AK 

SURFACE FILM CONDITION AUTOCLAVE 15 MIH. ® 2}J C 




ANGLE OF ROTATION OF SAMPLE 
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300 



@ - 42 LQ.:.... 



1 * 6.1 

46.0 i 38.9 



+- ^f= 

38.5, ... 



~U5«4o ITS S.b? ’ 

r r ' *• | 

_J,_ . .Li} _ .,1 



j Tf o~ 



~m^ z 



j @ .l,..Q3Qt ~ 



f 



45.5 ' 

- * 5.5 L 

'k- 4 -:v }? ; 

3Ste 



. 1 * 6.0 * 1 38 . 6 . , 

1*6.0. !_|.38.T L 

ujxjj 4 



45.7 

45.7 



3. 65 '1*3 .7P. 



m, 45*40 

Mj 3S.90 

ami 2 . 6»50 



r W.05 
R- i 45.70 
S.r , 2 0.3p 



m, 45.50 
U m.~38.65 



An )). 6 .35 *--RV; 



Rj ! 46.00 f 

- ; 45 . 7 fct 



:.!:"Hh- l l r 

— ^ • i j~ 

AV j" r-n^* 

Av [ AR 0«3J ph^s 

P.LPT THESE VALUES VERSUS CORROSION T|Mg.__ 



PHASE SHIFT 

4 - . -j -Lj- - 4 - — 4 

PHASE RQTAtlQN 






GRAPH OF POLARIZED 4 IGHT I NTE h SITY jVERStyS ANGLE 0 >F ROTATION OF SAM Pf-E 

2 - 1 ' *. i... 






fr^ -f 




ANGLE OF ROTATION OF SAMPLE 



MIT MET LAB 

RWY JWH NRN 18 APR 52 



16030 "I 





PHASE SHIFT (2m) AND ROTATION OF PLANE 
OF POLARIZATION (2 k) VS. 

CORROSION TIME FOR SAMPLE 
NO. IF— 2 



J f>i 



0 520C3 



SAMPLE No IF 2*40 PPM Sg date £^ MA£CH 1952 AM 

CRYSTAL NO ^ SURFACE FILM CONDITION A S ELECTR0P0II3HSI]) 




ANCLE OF ROTATION^ OF SAMPLE 






i> AMPLE NO ? 
CRYSTAL NO - 



»uo 



PPM 



i: 

a 15 '. zz . ^ 23 



3 ch. : r £ 

c„ 



‘♦‘••I 

' a 3o7 

; *‘3.3 

tl.lb.lXL 



ZJk . .. 


® J5r: 


! _ <s> . 4 ... 




1 & 


.005..... ' 


R 


M 2 


^ R’ 


M 3 


R 1 


. ; ‘ ;r * 


r “ ; 




40.0 ’ 


’45.?. 


45.7 


’45. s 


to. 2 


'45.3 


'45.6 • 


4o.i 


>*5.3 


bj.7 


45.S- 


10.2 


4%4 




! 


1 ■ 




, 


! 1 




_fc.Z3- . ! 


V.of . [~ 


jB3.. ' 4 


Jlffe ^ 




[Jo. 2 . .... 


Hf.t? 



M 

| m 2 

i AM:J 


43.30 
40. of, 

3.K5 ... 


. ... . 

R 45.73 - j ! 

R, U5,?5 
ARi, 0.48 


1 : 

!j 






' 




M 


43.70 


R » 45.ro 




! M ‘ 


40.20 ] 


R, 45.55. - — 


1 .1 . J 


1 AM34 


3.50 


Ar,. 0.45 




Av 


Am 3.?7 


PHASE SHIFT 


. i — ■ 

— | ' — 


Av 


AR C.46 


PHASE ROTATION 


i 


PLOT THESE VALUES VERSUS CORROSION TIME 



GRAPH OF POLARIZED LIGHT INTENSITY VERSUS ANGLE OF ROTATION OF SAMPLE 

og<> 276 




ANGLE OF ROTATION OF SAMPLE 
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sAMPLfc NO 



PPM * /> 



UA I t.. 



crystal no. 2 surface film condition AUTOCLAVE 15 MIN. at 233°C 






4th ACTCCLAV3 15 MIS. « ?.}fc 



SURFACE FILM CONDITION 






>H/iSE: ^©TATfC 1 



CORROSION t»M$ 



7E1S5IJ5 ANGLE OF R OT AT 1O1U 0F SAMPLE 



ANGLE OF ROTATION OF SAMPLE 
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CRYSTAL No. 2 




SURFACE FILM CONDITION f th AUT0QLAV2 15 



*5-7 

* 5.6 






38.$ 

38 .? 



-4- 



M U3.35 

M, 3 S.E 5 L 



4 — 

R 



18.851 



45.4 

4^.6 



>5 .50 



45.65 L 

3Tj 45.5a—. 



4.50 _ Ar „ ; Q.15 



14: 



A Mi 



4.6o t ar ^ 0.05 



|A Rsj. 

f^T 



Av AM U.55 PHASE SHIFT 



Av AR 0.1D 

PLOT THESE V 

h - 4 - 



PHAS$ R6TATiq>N 



ANGLE OF ROTATION OF SAMPLE 
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rlS. ® 233 C C 




SAMPLE No U --3 PPMua DATE 25 HAUCH. 1152 II 

CRYSTAL No. ^ SURFACE FILM CONDITION ^*4 A T J?QCLA .73 lf> ''.IK, 233°C 



1 


(g) ,.... 


235 - - 


! .. 


cos ....: 


■ 1 


M 


R 


. “i-.. 


| ri(2 


I 

1 


4 G.e 


4 s.€ 


uo.a 


: 45 I .4 


I 


46.2 

1 ■ 


45.5 


40.9 — 

; 1 ; 


: 49.5 


Av, | 


1 Ttfoo 


-J 5-51 




> . 45 . 4 ' 



® .jUS-I 



m.i 1 

>* 5.1 4 - 



. - .. I : | - 

4 *,r 

: f- 



■oas- 



Uo.6. 

1 * 0 . 51 --:- 






m '46,10 Ri 4^.55 

Mj 40 * 55 , r* u 5 . 4 B 

am. 2 5,25 hR l2 , c.xo 



M 3 k.5.10 R3 45,65 ! 

^ M, ®,55 R< - 45 . 6 a 

■ 1 a m 94 4, $5 ar,, o.Q 5 



Av Am 4.92 phase 7 se|ift 

AV AR 0,07 PHASE! ROTATION 

PLOT THESE VALUES VERSUS CORROSION TJME 

(-— j-! 

i- -A - 



~K 



X 

I; J*. 



: 1 ;j-,Tx 



GRAPH OF POLARIZED LIGHT 

l± 1 1 



L , R x 

X6 

A.f- 
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angle oe rotation of sample 
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SAMPLF NO 



IF 



PPM 



DATE 



7 Ka 
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SAMPLE No 1* 
CRYSTAL NO 2 



PPM 1-2 



date 28 MARCH 1952 AM 



SURFACE FILM condition 9th. AUTOCLAVE 15 KIN ® 233° c 



47.2 

47.0 



"47.T0 1 



•4 fi i 

45.7 

45.7 

H ‘ ! 



41.6 

41.7 






45‘.5 



IjZ 3 S 5 $_ 



&4U1S..L. 






. u 45.5 .. 46.8 t 45.6. 



jscr 



t 

if -f ’ 






am .5,45; Ar., o.go 






I I ■' 



46.«5 ... J 45.S5- j] .1.1 

1 m. _4l.50._ I Ru 45 . 35 , J_jj 1 



am? 



M 



Av Am Si^O PHASE SfrjlFT 

- - f -b - *1 - v - rl^t- - : r "HtTT 

AV AR ^P4?5I PHASE ROTATION - j i 

PLOT THESE VALUES VERSUS CORROSION 

I ' : ! - + ; 



il 

1 W.5 

U 1.5 



<§> 02S— 

.1- 

i 45.3 



45.4 



"+ i- 



~ .45.35. 



■ f r 






Ltd/ .1 . 

|r4-+- 



GRAPH Of POLARIZED I 



■ ; r- 



-1:, t 1 



SAMPLE 
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120 



240 



J 

360 




ANGLE OF ROTATION OF SAMPLE 
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SAMPLE NO ^ 
CRYSTAL NO 2 



44.6 



44.55’ 



’ 9 PPM Ep DATE 1 APHIL 1952 Ay 

SURFACE FILM condition Hth AUTOCLAVE 15 )-!HI © 233°C 



3 a:.. 




_<S> 


055 ... 


i ’ @ ■ - 32 & 


R 


Mi! 


R* 


1 — r 

. . jMa 

. 44:7 


J 

R:t J 


M. _ j 


| . «4 


1 + 5.8 

U 5 .g _ 


39 . 9 ! 

. 39 .$. - 


: A 5.7 
45 . 7 . 

1 . L . j. 


45.9 

45.7 j 


39.6 

39.6 

’ i 


45.6 

! 45.7 

1 


"’ 45 . go 


39.75 


■ 45 . 7 c ^*4 

u ~ s — t -'^-r 


45.75 

T — *■ ^ 


■ 45 .SC T ’\ 


1 1 

J 5.-.50 1 


. 

[ 45.05 



, R =45.«0 ,.„L 
R, H5;79.T t 4 

4.&L _-AR,, r 0 .1 ^ 



h Ml 44.75 I Ri 45.S6 1 

m, 39. 6q R4 ,45.55 q. 
! AMh 3.15 AR3.1 ) 0.15 ! I 



t- -i 


; tx 


Hi 


i-r-‘ ; 


fri 


1 L 

L' 1 



-! — Jl r 

Av &M 4.97 PHA|SE SHjJFT 

AV AR 0.12 4 PH/^SE ROTATION 

PLbT THESE VALUES VERSUS CQRftQSJQN TiME 



n n 
; 1 r 

i 1 

r I: 
1 



QRAPH OF POLAR(ZED LIGHT INTENSITY VERSUS. ANGLE : pF ROTATION OF SAMPLE 




SAMPLE No 
CRYSTAL NO 2 



DATE J 



5 AT >11 



SURFACE FILM CONDITION ^5^ AUTOCLAVE OF 15 K1K. & 2;> C 



A v 



@35 


@ 





| ; <s> 


1 <f 


Q£5~- 


Ml 


L- _ " . 


Mi 


^ Al - 


. M 3 


< R3 


M* 


R 4 


4*.J 

4g.l 


— 1 - 

45 . s 

45.5 2 

. 1 1 


40. g 

41. a _4 . 


■ 45.9 

■p 4§. F~ 

1 . 

I 1 — ‘ - L - - ' 


• -T-'=3 ■ ' '-LL1 ■ J 

47.9 

47 .S 


45 .$ 

45.9 

’• ' r J 

lEdi 1 - 'i-H '! 


4l»l> 

- 41.5 

i r* , 


45.7 

45 . R 


3P7so 

1 


45.^ 1 


r40.90 

. . - --1 


T5.§6 i 

JT Tt-h 




’jg.in 




ryus.?*? 



— i — : — r+~ 

m 

Mi 



r.„U^S5 
R a U^90 



-r- - >4— ■ - 

• -I- (I-t- 4- 



A M 2 7-30 AR.z > .05 



M’ >7»e5 1 , R> 45.90 
m« ui.is .^.rpR* 45.75 

am,. 6.40! ftRx ' .lfj 



AV* AM " 6,55 J PHASE SHIFT ' i. V 
AV X AR ^0.05 PjH^Se ROTATION 



plot trese Value* versus corrosion time 



3P\ 



. -!- 4 ! ; , 



I l 

- -i 



GRAPH, OF riOLARiZED LIGHT INTENSITY VERSUS ANjGLE OF ROTATION OF SAMPLE 



_t 

I 

._L 



r : 

CP52G03 



ANGLE OF ROTATION OF SAMPLE 
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360 



CONFIDENTIAL 



Run ffZ 

Conroe ion film was frrown at 295° C 



CONFIDENTIAL 
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SAMPLE N l - S * £ PPM ' DATE 1 .1 - 

CRYSTAL No - SURFACE FILM CONDITION _ 



Q) . ... 


@ .... 


m • 


(Ti) ] 


•• 1 .S' - Z,Z- - 


Ml r R 


M -* 


R 


1 "m. 


9 M »4 


; 45 .? i 


3?. 7 


|J 4.S 


4s.: 


:j_ . r JS.7 4!i.r 


4*. 5 45.3 

1 

: 


33.0 


44.5 


4 S 0 


J *.’“ : J 5 '. 7 44.5 


’ 'tFT.T? 1 45 ] 


y.* i 


J 


1 

45.03 1 1 


45.' " ' JS.7C .sr 



M, 

M> 


-< &r 


R, 44.35 


LA M 2 


6J0 


&R-.- 1.70 








M 


Sc.ojT 


R, 45.45 


M. 


3S.70 


R. 44.50 - . j 


A M 34 


^•33 


Ar 3 , I .95 ! 



Av Am g PHASE SHIFT 

Av Ar 1 «S3 phase rotation 

PLOT THESE VALUES VERSUS CORROSION TIME 









A 3^ — u — _ 

AM 34 X6,00 ft Ran j.l f g< 



±£„ 

Av 17 ^ 

Av 



SE ROTATION 



A*? .. -1.00... .<•»£ 

ptpT these: Values versus corrosion time.^ 

nhr^’rr-T '' 



at 



PHA 



-CASE 1 SHiFT 



SAMPLE NO 2A 
CRYSTAL NO 1 






51. H 



51.3 



Tiofst OF ISAMP 



D 3 S’ 2 C 03 



DATE 15 aprh 1552 



SURFACE FILM CONDITION lat AlTTn CTJ. TC ClT 1$ 1-3.3. fc 295°C 






Wj 

H 6 .Q 




p r T 

PP 

*300 

D 52CG3 



ANGLE OF ROTATION OF SAMPLE 
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SAMPLF. No 



CRYSTAL No c. 



^ PPM io DATE 15 ATI HI AX 1, 

SURFACE FILM condition 2-Ki SLSCTBCjr' GLI oH 



D: 

p ' 
(§»_ 


T 


< 8 > -148.5.- 1 @ 


2-59:- 


M. [ R 


Mi 


R 


1 


. . p , _ _ 1 • Mj 


t R4 


4l.l . U 5.0 


’42.S 


1 4*.7 


40.8 ; 


45.0 t 42.6 


45.7 


42.1 1 U 5.0 

1 1 r 


U?*S 


'45.7 

1 ' 1 


4l t 0 „| 

1 ; 1 


45.0 ] 42,4 

| 1 j r 1 


45.6 




r~~40j ~i 


IMLmTl 




45 . 6 pT 4 e. 5 o 


r 45.65 






M, VL.IO r 45700 , 

Mz 42.50: Ri* ^5.7P 

Am, ; - 1, 70 f R. a - .70 



H — u * 



m 3 40.90 R = „45.00 ■ 

. kp.KOr-;- R- 45.S5- - 1 



4 - \ — j — j— 1 *.~ 

j _ - J pp- 

II am,. - 3 .60 - . 6 f LU|;-_' I :p- 

« • 



Av j -1.65 PHASE SHIFT 



Ay AR - . 6 $ PHASE ROTAtldN 
ER!>U 



I — * T -f •» - ■ - - j 
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Appendix g 



Suraaary of Data 



The data are summarized in four sots of curves as follows: 

1. dun #1 

(a) Faired plot of phase shift versus number of autoclavings. 

(b) Faired plot of rotation of plane of polar! Ration versus 

number of autoclavings. 

2. Hun HZ 

(a) Faired plot of phase shift versus number of autoclavings. 

(b) Faired plot of rotation of plane of polarization versus 

number of autoclavings. 
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Aprondlx F 

Calculation of Characteristic Angle 



tan V Z -0.6666 sin Zm + 0.0209 
sin 2r 

where t is the characteristic angle 

2ra is the phase shift in the reflected light 
Zr is the station in th© reflected light 
and the constants are those given by Bausch and tomb 

for* Compensator No. 57 with Zirconare white light. 

Five place values for sin 2m ard sin 2r were used in calculations. 
2m, 2r, and are tabulated in Appendix F for each crystal in the elec- 
tropolished condition and after each autoclaving. Plots of the character- 
istic angle versus corrosion time are contained in Chaster IV. 
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